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Introduction
The main pathological feature of Parkinson disease is a selective degeneration of dopaminergic neurons in the substantia nigra. Since the dopaminergic neurons in the nigrostriatal pathway play a central role in the regulation of motor functions, the progressive degeneration causes movement disorders, such as tremors, akinesia and rigidity. Although a means for repairing the nigrostriatal pathway has been desired for decades, there is no successful therapeutic strategy and further optimization is necessary.
Several factors that influence dopaminergic axonal projections to the striatum, such as semaphorins (3A, 3C and 3F) and ephrin-A/B, have been identified (Yue et al., 1999; Cooper et al., 2009; Hernandes-Montiel et al., 2008) . When an explant from the midbrain was cultured adjacent to an explant from the striatum, dopaminergic axons were attracted to the striatal explant (Hernandes-Montiel et al., 2008) . Dopaminergic projections have also been replicated through contact between cultured slices of the ventral mesencephalon and the striatum (Maeda et al., 1998; Katsuki et al., 2001) . Østergaard et al. (1996) and Hernandes-Montiel et al. (2008) evaluated the dopaminergic fiber innervations of striatal cultures by a scoring method. However, considerable effort (e.g., a large sample size) is required for a qualitative analysis. Flat whole-mount preparations of embryonic brain can mimic the development of dopaminergic axons in vivo (Nakamura et al., 2000) , although this technique is also unsuitable for the rapid screening of large numbers of chemicals for their effects on neurite outgrowth. Therefore, we focused on developing a simple quantitative system for assessing dopaminergic neurite outgrowth and neural projections to the striatum. Primary neuronal cultures are easily prepared and suitable for the analysis of cellular mechanisms. However, to our knowledge, there have been no reports of neuronal projections using primary cultures consisting of dissociated cells.
Glial cell line-derived neurotrophic factor (GDNF), a member of the transforming growth factor superfamily, is suggested as a specific neurotrophic factor for midbrain dopaminergic neurons (Lin et al., 1993) . Overexpression of GDNF in the striatum enhanced fiber outgrowth of fetal ventral mesencephalic grafts from the substantia nigra to the striatum (Redmond et al., 2009) and recovered functional impairment induced by 6-OHDA (Kirik et al., 2000; Thompson et al., 2009; . These observations raise the possibility that GDNF is involved in extending dopaminergic projections to the striatum. In this study, we used GDNF as a positive control for dopaminergic axonal projections.
Herein, we developed a simple method of quantitatively evaluating the nigrostriatal projections of dopaminergic neurons with the use of primary dissociated neruons. Using this system, we found that dissociated dopaminergic neurons preferentially extended their axons to striatal cells and formed synapses with striatal neurons.
Materials and methods

Reagents
Human glial derived neurotrophic factor (GDNF) was purchased from Almone Labs Ltd.
(Jerusalem, Israel). Press-to seal TM silicone sheets (1.0 mm thick) were purchased from Invitrogene (Carlsbad, CA).
Primary mesencephalic, striatal and spinal cultures
Primary cultures were established according to methods described previously (Izumi et al., 2009 ). In brief, the ventral mesencephalon, striatum and spinal cord were dissected from rat embryos on the 14 th or 16th day of gestation. Dopaminergic neurons in the substantia nigra are born at embryonic day 12 (E12), and their axons extend along the medial forebrain bundle at E13-14 and begin to innervate the striatum from E16 during in vivo development (Gates et al., 2004.) . Cultures from E16 rats were used in this study unless otherwise noted. The isolated tissues were then chemically and mechanically dissociated into single cell suspensions. For counting living cells in cell suspension, we performed trypan blue exclusion method before plating. In the process of preparation of the suspension, the cell survival rate was about a half. Viable cells were plated onto 0.1% polyethyleneimine-coated plastic coverslips at a density of 3.0×10 5 cells/cm 2 for mesencephalic cells, 0.75-3.0×10 5 cells/cm 2 for striatal cells and 1.5-3.0×10 5 cells/cm 2 for spinal cells. Cultures were maintained in Eagle's minimum essential medium containing 10% fetal calf serum [1-4 days in vitro (DIV)] or horse serum [5] [6] [7] [8] [9] [10] [11] [12] . Cultures were incubated at 37˚C in an atmosphere of 5% CO 2 in air with 100% relative humidity. The animals were treated in accordance with the guidelines of the Kyoto University animal experimentation committee and of the Japanese Pharmacological Society.
Formation of a mesencephalic cell region on coverslips
Press-to seal TM silicone sheets (13 cm×18 cm, 1.0 mm thick) were subdivided into rectangles, 11 mm long and 22 mm wide, with a size No.11 stainless steel surgical blade (Feather Safety Razor Co., Ltd., Osaka, Japan). The inside of each rectangle was cut out to make a well, 6 mm long and 14 mm wide.
The silicone isolation wall was placed on a polyethylenimine-coated coverslip in a 35 mm culture dish (Fig. 1A) , and the preparation was sealed by pressing with a coverslip. Mesencephalic cell suspensions (150 L) derived from rat embryos were plated inside the isolation wall at a density of 3.0×10 5 cells/cm 2 (Fig. 1B) . The isolation wall was removed 24 h after plating (Fig. 1C ).
Immunocytochemistry
Primary cultures were fixed for immunocytochemistry at 12 DIV. Following fixation with 4% paraformaldehyde for 30 min, they were incubated with 0.2% Triton X-100 for 15 min. They were then incubated with a rabbit anti-tyrosine hydroxylase affinity-purified polyclonal antibody (1:400; TH; Millipore Corporation, Bedford, MA; Cat# AB152) for 2 h, with biotinylated anti-Rabbit IgG (H+L) (1:200; Vector Laboratories Inc. Burlingame, CA) for 1 h and with avidin-biotinylated horseradish peroxidase complex (Vector Laboratories Inc) for 1 h at 25˚C. Finally, they were reacted with a diaminobenzidine (Dojindo Laboratories, Kumamoto, Japan) solution for 8 min. The survival rate of dopaminergic neurons in culture was gradually decreased to 40% until 5 DIV, but was not decreased after 5 DIV.
For immunofluorescence staining, primary cultures were incubated with anti-TH (Cat# AB152 or 1:400; Sigma, St. Louis, MO; Cat# M1409), anti-microtubule associated protein 2 (MAP2; 1:500; Sigma; Cat# M1409), anti-neurofilament (phospho), (pNF; 1:1000; Covance, Emeryville, CA; Cat# SMI-31R), anti-growth-associated protein-43 (GAP43; 1:500; Sigma; Cat# G9264), or anti-synaptophysin (1:500; Millipore; Cat# MAB5258) antibody for 2 h, with Alexa Fluror 594 goat anti-rabbit IgG (H+L) or Alexa Fluror 488 goat anti-mouse IgG (H+L) (1:500;
Invitrogene; Cat# A11012 and A11001) for 1 h, and with Hoechst33258 (0.1 mg/mL; Calbiochem) for 15 min. To reveal the dopamine neuronal subtypes, we performed double staining for TH and G-protein-activated inwardly rectifying potassium channel (GIRK)-2 (1:200; Alomone labs; Cat# APC-006), a marker of dopaminergic neurons of the substantia nigra pars compacta, or calbindin (1:200; Sigma; Cat# C8666), a maker of those of the ventral tegmental area..In this cultures, the percentage of dopaminergic neurons that express GIRK-2 and calbindin were 48 and 46%, respectively.
Measurement of dopaminergic neurite length
The borderline of the mesencephalic cell region (dotted line) was defined as the position of the most laterally located dopaminergic soma (open arrowhead) ( Fig. 1D ). The distance from dopaminergic growth cones to the borderline (arrows) was measured and regarded as neurite length ( Fig. 1D ). To make a continuous image, several photographs were merged with a BZ Analyzer (KEYENCE, Osaka, Japan). Four continuous images whose widths were 890 m were obtained from a coverslip. The number of subjects for each experiment was 4.
Statistics
The statistical significance of the differences between three or more groups was analyzed with a one-way ANOVA and post hoc multiple comparison using Tukey's test. Statistical significance was defined as p<0.05. Data are expressed as the mean ± SEM.
Results
1. Morphological features of dopaminergic neurites extending from the mesencephalic cell region
To investigate morphological features of dopaminergic neurites extending from the mesencephalic cell region, mesencephalic cell cultures were processed for immunocytochemistry for TH at 12 DIV ( Fig. 2A ). The distribution of dopaminergic growth cones from the borderline is shown in Fig. 2B . As the distance from the borderline increased, the number of dopaminergic growth cones decreased. Next, we determined whether the dopaminergic neurites extending from the mesencephalic cell region were axons or dendrites. Fig. 2C -F shows fluorescence images of cells immunostained with the antibody against MAP2 for dendrites, pNF for axons and GAP43 for axonal growth cones. Although dopaminergic neurites near the soma were MAP2-immunoreactive, those away from the borderline were pNF-immunoreactive. The dopaminergic neurites away from the borderline were also stained with the anti-GAP43 antiboby. These findings suggest that the dopaminergic neurites extending from the mesencephalic cell region are mainly axons.
Quantitative evaluation of dopaminergic neurite outgrowth induced by GDNF
GDNF is known to promote dopaminergic neurite outgrowth. To confirm the validity of the new system for evaluating dopaminergic neurite outgrowth, cultures were grown for 11 days in the presence of GDNF. Fig. 3A shows the typical dopaminergic neurite outgrowth induced by GDNF (10 ng/mL). The distribution of dopaminergic growth cones from the borderline revealed that longer dopaminergic neurites extended from the mesencephalic region in GDNF-treated cultures than in control cultures (Fig. 3B) . To evaluate the neurite outgrowth quantitatively, the distance of growth cones from the borderline was regarded as dopaminergic neurite length, and the length of neurites were summed. Fig. 3C shows that GDNF enhanced dopaminergic neurite outgrowth in a concentration-dependent manner. In cultures from E14 rats, GDNF also enhanced dopaminergic neurite outgrowth in a concentration-dependent manner (Fig. 3D ). Using immunocytochemistry, we ascertained that the dopaminergic neurites extending from the mesencephalic cell region in the presence of GDNF were also axons (data not shown).
Paired-cultivation of mesencephalic cells and striatal or spinal cells
To examine the projections of dopaminergic neurons, the striatal or spinal cell region was laid next to the mesencephalic cell region. After mesencephalic cells were plated within the silicone isolation wall, striatal cells or spinal cells were plated outside the wall at a density of 3.0×10 5 cells/cm 2 (Fig. 4A ). When the isolation wall was removed at 2 DIV, separated regions of mesencephalic (M) cells and striatal (St) or spinal (Sp) cells had been formed ( Fig. 4B and C) . The distance between two-cell populations was 200 m.
Preferential projection of dopaminergic neurites to striatal cells
We next examined the effect of striatal cells on dopaminergic neurite outgrowth in the paired-cultures of mesencephalic and striatal cells. Fig. 5A shows the typical dopaminergic neurite outgrowth by striatal cells. Dopaminergic neurites extended along the cluster of striatal cells. Striatal cells increased the number of dopaminergic growth cones and promoted dopaminergic neurite outgrowth in a cell density-dependent manner ( Fig. 5C and E) . To examine whether dopaminergic neurites prefer to innervate striatal cells, mesencephalic cells were paired-cultured with spinal cells because the spinal cord does not receive dopaminergic innervation in vivo. Fig. 5B shows the typical dopaminergic neurite outgrowth by spinal cells. In contrast to striatal cells, spinal cells did not increase the number of growth cones or neurite length ( Fig. 5D and F) . Similar results were obtained from cultures from E14 rats ( Fig. G and H) .
To examine whether dopaminergic axons formed synapses with striatal neruons, paired-cultures of mesencephalic cells and striatal cells were processed for immunocytochemistry for TH and synaptophysin (presynaptic marker) at 12 DIV. Synaptophysin was co-immunostained with TH-positive dopaminergic axons in the striatal cell region (Fig. 6A-D) . In addition, some, but not all, of dopaminergic axons extending to the striatal cell region were immunoreactive for GIRK-2 ( Fig. 6E-G) .
Discussion
In the present study, we established a novel system for the quantitative evaluation of dopaminergic neurite outgrowth. Mesencephalic cells were plated within an isolation wall and the distance between dopaminergic growth cones and the mesencephalic cell region was measured as dopaminergic neurite length. When the striatal cell region was laid adjacent to the mesencephalic cell region, dopaminergic neurites preferentially innervated the striatal cells.
Dopaminergic fibers extend not caudally, but rostrally in vivo. It is noteworthy that dopaminergic neurite outgrowth was promoted by striatal cells, but not spinal cells. Furthermore, we have been able to show that dopaminergic axons formed synapses with striatal neurons. These findings indicate that the new system using primary dissociated neruons reflects the features of dopaminergic axonal projections in vivo. This preference for the striatum was observed in a previous report using co-cultures of mesencephalic slices and striatal or cortical slices (Becq et al., 1999) . The attractive effect of striatal cells could be explained by striatum-derived diffusible factors (Hernández-montiel et al., 2008) and/or adhesion molecules (Deschamps et al., 2009) . Interestingly, in the case of spinal cells, dopaminergic neurite outgrowth was suppressed. This finding indicates that spinal cells express repulsive factors for extending dopaminergic axons. Semaphorin 3F inhibits dopaminergic neurite outgrowth and guides neurites rostrally (Yamauchi et al., 2009) . Semaphorin 3F expression at embryonic stages is higher in the spinal cord than in the telencephalon (Kusy et al., 2003) . Therefore, one of the candidates for the repulsive factors may be semaphorin 3F, although further investigation is needed.
In vitro models using dissociated cells are useful for the quantitative evaluation of neurite outgrowth and analysis of molecular mechanisms. Our system has several advantages over classical methods for the evaluation of neurite outgrowth. In general, quantitative assessments of neurite outgrowth are performed by measuring the length of the longest neurite, total neurite length, average neurite length, or the length of segments without distinguishing between axons and dendrites (Radio and Mundy, 2008) . Although the longest neurite is sometimes presumed to be an axon (Kern and Audesirk, 1995) , almost all growth cones extending from the mesencephalic cell region were axons in our system. Therefore, we could specifically assess axonal elongation. It has been reported that an anti-pNF antibody (SMI31) used as a marker with the axon used in this study recognized the nuclei of fetal neurons and glia cells besides axons (Schilling et al. 1989 ). Hence, it is thought that the nuclei observed in Fig. 2E belong to glia cells infiltrating from the mesencephalic cell region. In addition, cell density is critical to the accurate quantification of dopaminergic neurite length in primary mesencephalic cultures. A low cell density might make it easier to identify individual neurites, but primary dopaminergic neurons tend to die at low density (Consales et al., 2007) . To solve this problem, immature dopaminergic neurites are generally measured in the early stages of cultivation before individual neurites become indistinguishable (Macé et al., 2002; Pedersen et al., 2004; Sotogaku et al., 2007) . On the other hand, in our system, primary mesencephalic cells were cultured for 11 days at high cell density. Therefore, this procedure is suitable for quantifying the length of mature dopaminergic axons.
In this study, we demonstrated that dissociated dopaminergic neurons preferentially extended their axons to striatal cells, and formed synapses with striatal neurons. Hence, it is thought that this system can be relied on as a good in vitro model of in vivo development. Our quantitative method might be useful for elucidating the molecular mechanisms responsible for dopaminergic axonal projections and for optimizing the regeneration of nigrostriatal projections. A magnified view of the area enclosed by the white square is shown in the right panel (D) . (E-G):
Figure legends
Innervation of striatal cells by dopaminergic neurons derived from the substantia nigra pars compacta. Mesencephalic cells were paired-cultured with striatal cells for 10 days, and the cells were processed for immunostaining of TH (E) and GIRK-2 (F). A merged image is also shown (G). An arrowhead indicates a representative double-stained axon. 
